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Abstract 
 
The reliable evaluation of moisture transfer in building materials is often crucial for the correct design of new structures or for the 
remediation of defective existing ones. An important condition in this respect is the accurate description of moisture storage and 
transport phenomena in building materials. Unfortunately, we are facing a dichotomy on that front, in relation to the over-capil- 
lary moisture range, more particularly the difference between capillary and saturated moisture content and the slow second phase 
in capillary absorption experiments. The widely accepted air entrapment paradigm explains these by presuming that air remains 
partially trapped in the pore system, escaping via dissolution into and diffusion through the pore water. The Delphin-adopted low 
capillarity approach on the other hand attributes these to low capillary forces counteracted by gravity in large pores. 
 
We therefore execute a series of measurements specifically targeting air entrapment versus low capillarity. In the first series, ca- 
pillary absorption tests are performed with water contact respectively at the bottom and the top surface of the sample, thus chang- 
ing the relative direction of gravity. The two variants should respectively give similar and unlike results in the air entrapment pa- 
radigm and low capillarity approach. In the second series, capillary absorption measurements are conducted at normal and reduc- 
ed air pressure, thus modifying the air content of the pore space. In the air entrapment paradigm and low capillarity approach res- 
pectively, the two variants should give rise to differing and matching results. Our experiments all demonstrate the validity of the 
widely accepted air entrapment paradigm, hence invalidating the Delphin-adopted low capillarity approach. 
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1. Introduction 
 
Moisture transfer in porous materials intervenes in various processes, be it at the microscale of cement particle hy- 
dration [1], or at the macroscale of nuclear waste storage [2]. Transfer of moisture, and the chemicals dissolved the- 
rein, similarly plays a key role in the durability and sustainability of built structures, and in the health and comfort of 
building occupants. Two representative illustrations are mould formation on interior finishes due to excessive interi- 
or humidity levels and concrete rebar corrosion owing to chloride ingress via the pore water. Numbers for the USA 
point out that the proportion of current US asthma cases attributable to dampness and mould in buildings is more than 
20% [3], and that around one out of four US bridges is structurally deficient, often the result of reinforcement corro- 
sion [4]. Moisture is thus often a crucial determinant when assessing built structures’ durability and sustainability or 
building occupants’ health and comfort. Hence, for the correct design of new structures or for the remediation of de- 
fective existing ones, the reliable evaluation of moisture transfer in building materials is crucial. Many hydrological, 
agricultural and environmental applications, and various other engineering areas, equally need a dependable assess- 
ment of moisture transfer. 
The critical condition for such reliable moisture transfer evaluation is the accurate description of moisture storage 
and transport phenomena. The impact of air entrapment on moisture storage and transport is a crucial theme in this 
respect: commonly moisture does not fill the whole pore space, since some parts remain occupied with entrapped air. 
Air entrapment explains, for example, the difference between the capillary and saturated moisture contents of porous 
materials. It furthermore clarifies the slow second phase in capillary absorption measurements, during which the en- 
trapped air escapes via dissolution into and diffusion through the pore water. The concept of air entrapment, and its 
impact on moisture storage and transport, is long-known [5, among others] and well-accepted [6, among others]. Al- 
so in other disciplines on liquid transfer in porous media, the idea of entrapment of the non-wetting phase is general- 
ly accepted [7, among others]. In numerical models for moisture transfer in building materials, the impact of air en- 
trapment is usually implemented in a pragmatic manner, by assuming the capillary moisture content as upper limit in 
the moisture retention curve and by disregarding moisture transfer in the over-capillary range [8, among others]. 
This general acceptance of air entrapment does however know one significant exception: Delphin, a progressively 
more popular environment for hygrothermal simulations of building components and materials, does not acknowled- 
ge air entrapment in its description of moisture storage and transport [9,10]. Instead, Delphin attributes the deviation 
between capillary and saturated moisture contents and the slow second phases in capillary absorption tests to low ca- 
pillary forces counteracted by gravity in large pores [11]. This implies that Delphin simulation of capillary absorpti- 
on allows reproduction of both the first and the second absorption phase, making it an exception relative to common 
other models. Even more strongly, the measured moisture content evolution in the second capillary absorption phase 
is used for the calibration of the moisture storage and transport properties of building materials. An example of such 
capillary absorption simulation is shown in Fig. 1 for a building brick, together with its resulting ad- and desorption 
moisture retention curves and a detailed photograph of a cut of the considered material. 
 
 
 
Fig. 1. (a) capillary absorption measurement (dots) and simulation (line); (b) adsorption (grey) and desorption (black) moisture retention curves; 
(c) photograph of a cut material surface; illustrations taken from (and more examples in) [9] 
a. b. c.
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Currently hence, the accurate description of moisture storage and transfer in building materials is challenged  by 
a dichotomy: there are two distinct concepts for the over-capillary moisture range. In order to shed light on this con- 
flict, we execute a set of measurements aimed specifically at the observation of air entrapment versus low capillarity. 
In a first series, capillary absorption tests are performed with water contact respectively at the bottom and the top sur- 
face of the sample, hence changing the relative direction of gravity. These two variants should give the same results 
in the air entrapment paradigm, while they are to yield unlike outcomes in the low capillarity approach. In a second 
series, capillary absorption measurements are conducted at normal and reduced air pressure, thus modifying the initi- 
al air content of the pore space. In the air entrapment paradigm, these two variants should generate different results; 
in the low capillarity approach, they are to produce the same outcomes. The findings obtained in these two series of 
measurements should allow deciding between the generally accepted air entrapment paradigm and the Delphin-adop- 
ted low capillarity approach. 
 
2. Materials and methods 
 
2.1. Capillary absorption with bottom and top water contact 
 
Capillary absorption experiments are conducted for 5 cm high samples of aerated concrete. In the first set of tests, 
water contact is established at the bottom of the samples, which is standard procedure for this type of experiment. In 
the second set, water contact is imposed at the top of the samples, via small trays that sit at the samples’ upper surfa- 
ces. The total weight of the samples is determined regularly. Before weighing of the ‘bottom’ samples, excess water 
on the contact surface is removed with a moist cloth. For the ‘top’ samples, the water in the tray is discarded and ex- 
cess water is removed with a moist cloth. The water contact is restored as quickly as possible after weighing, by put- 
ting the ‘bottom’ samples back into the water or by refilling the water trays of the ‘top’ samples. Both measurement 
set-ups are illustrated in Fig. 2a. 
 
2.2. Capillary absorption at normal and reduced air pressure 
 
Capillary absorption experiments are conducted for 5 cm high samples of aerated concrete. In the first set of tests, 
the air pressure is the standard atmospheric pressure, which is standard procedure for this type of experiment. In the 
second set, the air pressure is diminished to 20 mbar, by executing the measurement in an evacuated desiccator, pre- 
sented in Fig. 2b. The samples are first enclosed in the desiccator, and a vacuum pump is run until the samples are 
nearly evacuated. Subsequently water contact is established by slowly allowing water into the desiccator, while still 
running the pump. The actual measurement starts when the water meets the samples. Unfortunately, the reduced air 
pressure test does not permit regular weighing of the absorbing samples. An intermediate desiccator opening would 
restore the air pressure in the samples and hence destroy their state of air evacuation. There is therefore only one fi- 
nal weighing in the reduced air pressure tests, which is done at a time point well beyond the expected end of the first 
absorption phase. 
a.                b.  
Fig. 2. (a) capillary absorption with water contact at top (left, with white trays) and at bottom (right, in red container); (b) capillary absorption at 
reduced air pressure, with samples in evacuated desiccator 
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3. Results and discussion 
 
3.1. Capillary absorption with bottom and top water contact 
 
The measured evolution of the absorbed moisture for the same five samples during capillary absorption with bot- 
tom and top water contact are shown in Fig. 3a. As predicted by the air entrapment paradigm, the two variants give 
the same results: air entrapment is not related to the relative direction of gravity, and the capillary absorption should 
progress similarly in both cases. To prove our claim that the low capillarity approach should yield unlike outcomes, 
Fig. 3b. presents Delphin simulation results for bottom and top capillary absorption in aerated concrete. These show 
deviating behaviour in the second absorption phases: in the case of bottom contact, gravity hinders the weak capilla- 
ry forces in the large pores, in the case of top contact, gravity assists the weak capillary forces in the large pores. 
a.  15 b. 
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Fig. 3. (a) measured outcomes of capillary absorption experiments on aerated concrete with top (T, orange) and bottom (B, blue) water contact; 
(b) simulated outcomes of capillary absorption experiments on aerated concrete with top (orange) and bottom (blue) water contact 
 
3.2. Capillary absorption at normal and reduced air pressure 
 
The measured evolution of the absorbed moisture for the same five samples during capillary absorption at reduced 
air pressure are added to the earlier outcomes obtained at normal air pressure, in Fig. 4a. As predicted by the air en- 
trapment paradigm, these two variants produce different results: the preceding air evacuation has strongly limited the 
amount of air initially present in the pore space, and hence severely reduced the potential impact of air entrapment. 
This is demonstrated by the far higher absorbed moisture amount for the reduced air pressure measurements. To en- 
rich that observation, similar test results for 3 ceramic brick samples of 10 cm height are depicted in Fig. 4b. 
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Fig. 4. (a) measured outcomes of capillary absorption experiments on aerated concrete with normal (T & B, orange/blue) and reduced (LP, blue) 
air pressure; (b) similar results for ceramic brick with normal (B, blue) and reduced (LP, blue) air pressure; 
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3.3. Discussion 
 
Two series of experiments were conducted, both aiming specifically at distinguishing between air entrapment and 
low capillarity as description of the over-capillary moisture range of building materials. In the first series, capillary 
absorption tests were performed with water contact at the bottom and at the top surface of the sample. In the second 
series, capillary absorption measurements were conducted at normal and reduced air pressure. In the air entrapment 
paradigm, water contact at the bottom and top surfaces should give the same results, while absorption at normal and 
reduced air pressure should yield unlike outcomes. For the low capillarity approach, on the other hand, the reverse is 
expected: different results for the bottom and top water contact, same outcomes for normal and reduced air pressure. 
The experimental observations depicted in Fig. 3a. and Fig. 4a. clearly demonstrate the validity of the air entrapment 
paradigm, whereas they strongly invalidate the low capillarity approach. 
This conclusion can be further strengthened based on Fig. 1, where the capillary absorption simulation and the ad- 
sorption moisture retention curve are both based on that low capillarity approach. That adsorption moisture retention 
curve shows a definite increase at capillary pressures between 10 and 5 Pa, representing a pore system with radii in 
the order of a few millimetres, making up about a quarter of the overall porosity. One would expect that such nume- 
rous large pores would be clearly visible in the material photograph shown in Fig. 1c. Since this is obviously not the 
case, the adsorption moisture retention curve and the capillary absorption simulation cannot be considered valid, thus 
again refuting the low capillarity approach. Similar conclusions can be drawn for the calcium silicate and lime-sand 
brick considered in [10]. 
 
4. Conclusion 
 
Moisture often is an important determinant when assessing built structures’ durability and sustainability or build- 
ing occupants’ health and comfort, and the reliable evaluation of moisture transfer in building materials is crucial for 
the correct design of new structures or the remediation of defective existing ones. A critical condition in this respect 
is the accurate description of moisture storage and transport phenomena in building materials. We are unfortunately 
confronted with a dichotomy when it comes to the over-capillary moisture range: the widely accepted air entrapment 
paradigm and the Delphin-adopted low capillarity approach offer divergent explanations for the capillary and satura- 
ted moisture content difference and for the slow second capillary absorption phase. 
Our experiments did demonstrate though that the low capillarity approach does not seem to be valid, while the air 
entrapment paradigm appears to hold. We therefore kindly invite the authors of [9-10] and the Delphin development 
team to address and correct this issue. 
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